In Chlamydomonas reinhardtii mutants deficient in photosystem I because of inactivation of the chloroplast genes psaA or psaB, oxygen evolution from photosystem II occurs at significant rates and is coupled to a stimulation of oxygen uptake. Both activities can be simultaneously monitored by continuous mass spectrometry in the presence of 18 O 2 . The light-driven O 2 exchange was shown to involve the plastoquinone pool as an electron carrier, but not cytochrome b 6 f. Photosystem II-dependent O 2 production and O 2 uptake were observed in isolated chloroplast fractions. Photosystem II-dependent oxygen exchange was insensitive to a variety of inhibitors (azide, carbon monoxide, cyanide, antimycin A, and salicylhydroxamic acid) and radical scavengers. It was, however, sensitive to propyl gallate. From inhibitors effects and electronic requirements of the O 2 uptake process, we conclude that an oxidase catalyzing oxidation of plastoquinol and reduction of oxygen to water is present in thylakoid membranes. From the sensitivity of flash-induced O 2 exchange to propyl gallate, we conclude that this oxidase is involved in chlororespiration. Clues to the identity of the protein implied in this process are given by pharmacological and immunological similarities with a protein (IMMUTANS) identified in Arabidopsis chloroplasts.
During oxygenic photosynthesis, electron transfer reactions involve the cooperation of two photosystems to produce O 2 at PSII 1 and reduce NADP ϩ at PSI. It is generally accepted that PSII and PSI act in series, electrons provided by PSII being used to reduce PSI electron donors through a general scheme known as the "Z scheme" of photosynthesis. According to the endosymbiotic theory, chloroplasts originate from a cyanobacterial ancestor (1) in which both oxygenic photosynthesis and aerobic respiration were likely functioning in the same cellular compartment. In existing cyanobacteria, photosynthesis is located in thylakoid membranes, and respiration is located both in thylakoid and cytoplasmic membranes (2) . It has been shown that respiratory and photosynthetic electron transport chains function in close relationship within thylakoid membranes, where they share in common some electron transport components, such as the plastoquinone pool (2) . Whether thylakoid membranes of existing chloroplasts have kept relics of this ancestral respiration and what could be the role of plastid respiration in the bioenergetics of modern chloroplasts are intriguing questions that have been a subject of controversy during the past few years (3) (4) (5) (6) .
From the effects of respiratory inhibitors such as cyanide, CO or salicylhydroxamic acid (SHAM), on chlorophyll fluorescence transients, it has been suggested that a respiratory electron transport process (called chlororespiration) was occurring in the chloroplast of green microalgae (3) . Such a respiratory chain should involve at least two electron transport components in addition to the PQ pool: one performing the nonphotochemical reduction of the PQ pool using stromal reductants and the other allowing reoxidation of reduced PQs and reduction of O 2 . However, although the existence of enzymatic systems allowing nonphotochemical reduction of the PQ pool is rather well documented (5, (7) (8) (9) (10) , the existence of an oxidase operating on the PQ pool has been a matter of debate (6, 11) . Moreover, no molecular or biochemical evidence support the existence of a plastidial oxidase in Chlamydomonas cells.
Mass spectrometry using 18 O-labeled O 2 on PSI-deficient mutants is a powerful way to determine whether electrons produced at PSII (measured as unlabeled O 2 from water photolysis) can be diverted toward a terminal oxidase consuming O 2 . Using this approach, it was reported that, in the absence of PSI, a steady state electron flow occurs in the light from PSII to O 2 (12) (13) . However, based on the effect of respiratory inhibitors and of uncouplers, it was initially concluded that reducing equivalents were produced by PSII through a ⌬-dependent reaction and subsequently transferred toward mitochondria for reoxidation (12, 14) . Using 3-(3,4-dichlorophenyl)-1,1-dimethylurea and cyt b 6 f mutants, it was shown that the light-induced electron flow involved the PQ pool but not the cyt b 6 f, and it was hypothesized that it relied on a putative NAD(P)H dehydrogenase functioning in a reverse mode (12) .
In the present paper, we have reinvestigated this question by measuring electron transfer reactions occurring in the absence of PSI in Chlamydomonas strains lacking either the PSI complex or the cyt b 6 f complex. These strains have been obtained through chloroplast deletion of entire coding regions and are therefore particularly stringent. By performing measurements on chloroplast fractions and using different inhibitors, we show that electrons provided by PSII can be diverted at a significant rate toward a chloroplast oxidase. The nature of this oxidase, which is sensitive to propyl gallate but poorly sensitive to cyanide and insensitive to azide, CO, and SHAM, is discussed in relation to the properties of a recently discovered chloroplast quinol oxidase implicated in carotenoid biosynthesis in Arabidopsis (15, 16) .
EXPERIMENTAL PROCEDURES
Plant Material-C. reinhardtii cells were grown in a Tris acetatephosphate medium (17) in 500-ml Erlenmeyer flasks for heterotrophic growth. Algal cultures were maintained at 25°C under continuous agitation and low illumination (about 1 mol of photons m Ϫ2 s
Ϫ1
). The wild-type (WT) strain used in this work was isolated as a mt ϩ segregant of a cross between two strains isogenic to the 137c strain (17) . The original deletions of psaA and psaB were made in this strain (18) . Bioballistic chloroplast transformations were performed with plasmids designed to delete the psaA and psaB genes, and homoplasmicity of these deletions was assessed by polymerase chain reaction reactions (18) . The aadA cassettes used to delete psaA or psaB were flanked by direct repeats; homologous recombination between these repeats has the effect of removing the aadA cassette leaving one repeat behind (18) . All experiments herein used the aadA-less strains to remove any possible differences that could be caused by expression of the aminoglycoside-adenyltransferase enzyme in the chloroplast. Marker recycling allowed us to perform subsequent transformations with the aadA cassette. The psaA⌬ petA⌬ strain was constructed by transforming the psaA⌬-1 with a plasmid to delete the petA gene (19) .
The Chlamydomonas MUD2 mutant resistant to myxothiazol (20) was generously supplied by Dr. P. Bennoun. The psaB⌬ MUD2 double mutants were produced by sexual crosses. The cell wall-less strain cc840 (mt Ϫ cw10; Chlamydomonas stock center, Duke University) was crossed to the psaB⌬ strain, and cw10 psaB⌬ segregants were selected and verified by phenotypic and polymerase chain reaction analysis.
Cell Breaking, Chloroplasts, and Thylakoids Isolation-Prior to plastid isolation, the cells were harvested, centrifuged (600 ϫ g, 5 min), and washed once with 15 mM HEPES-KOH, pH 7.2. Chloroplast and thylakoid isolation from cell wall-less cells was conducted at 4°C following the procedure exposed in Ref. 21 (slightly modified). After centrifugation in the washing medium (600 ϫ g, 5 min), the pellet (around 5 ϫ 10 8 cells) was resuspended in 10 ml of buffer A (0.3 M sorbitol, 50 mM HEPES-KOH, pH 7.8, 2 mM EDTA, 5 mM MgCl 2 ) supplemented with 1% bovine serum albumin. The suspension was introduced in a Yeda press chamber and incubated under N 2 at 4 bars during 3 min. The pressurized cells were released slowly, and the lysate was placed on top of a 40%/60%-Percoll step gradient in buffer A with 0.1% bovine serum albumin. After centrifugation in a swing-out rotor at 4000 ϫ g for 20 min, chloroplasts were collected from the interface, and thylakoids were collected from the top of the gradient. Both fractions were diluted in 20 ml of buffer A and centrifuged for 3 min (600 ϫ g for chloroplasts, 1500 ϫ g for thylakoids). The pellets were resuspended in 300 -500 l of buffer A and stored on ice until used in the experiments. O 2 exchange assays were conducted in buffer A without bovine serum albumin.
Permeabilized cells were obtained obtaining from cw ϩ strains following a protocol adapted from Ref. 22 . Cell disruption was conducted in a Yeda press following the same procedure as for cell wall-less algae except that N 2 pressure was set at 12 bars. Permeabilized cells were collected by centrifugation (600 ϫ g, 3 min), washed in 20 ml of buffer A, and centrifuged again (600 ϫ g, 3 min). The pellet was resuspended in buffer A and stored as above.
Thylakoids from cw ϩ cells were obtained through disruption in a French press chamber of the cells at 5000 psi in buffer A plus 1% bovine serum albumin (2 runs). After disruption, broken or intact cells and heavy parts were discarded by centrifugation (600 ϫ g, 3 min). The supernatant was then centrifuged at 3000 ϫ g. The pellet (thylakoid fraction) was treated as above.
SDS-Polyacrylamide Gel Electrophoresis and Immunodetection-
The portion of the Arabidopsis IMMUTANS cDNA (15) coding for the entire mature peptide was polymerase chain reaction-amplified using oligonucleotides based on the cDNA sequence and extended by a BamHI (upstream oligonucleotide) or a PstI (downstream oligonucleotide) restriction site. After restriction digestion, this polymerase chain reaction fragment was in-frame inserted in the Escherichia coli expression vector pQE31 (Qiagen) cleaved using the same enzymes. The recombinant protein (IM), which possesses a 6xHis tag, was produced in E. coli, purified according to supplier recommendations, and used to raise polyclonal antibodies (anti-IM) in rabbit. Antibodies were purified first by using caprylic acid (23) , which precipitates most serum proteins with the exception of IgG, and then by immunoaffinity using IM immobilized on a nitrocellulose filter (24) .
Denaturing SDS-polyacrylamide gel electrophoresis was performed as described by Laemmli (25) using 13% polyacrylamide gels. Proteins were transferred onto nitrocellulose membranes (26) and probed with the purified anti-IM antiserum.
Measurement of Oxygen Consumption-E. coli cells were grown in M9/glycerol medium until A 600 ϭ 0.3. Isopropyl-1-thio-␤-D-galactopyranoside was then added to induce expression of the recombinant gene during 3 h. After lysis and elimination of the debris, membranes were recovered upon centrifugation at 100,000 ϫ g for 1 h. Pelleted membranes were resuspended in 0.2 M Tris-HCl, pH 7.5, 0.75 M sucrose. Oxygen consumption was measured in a Clark O 2 electrode chamber (Hansatech). A typical assay contained 100 g of membrane protein in the following buffer: 50 mM Tris-maleate, pH 7.5, 10 mM KCl, 5 mM MgCl 2 , 1 mM EDTA.
Protein and Chlorophyll Determinations-Protein content was determined according to Lowry et al. (27) using a calibration curve obtained with bovine serum albumin. Chlorophyll content was measured by the method of Lichtenthaler and Wellburn (28) .
Mass Spectrometric Measurement of Gas Exchange-Chloroplast extracts were resuspended in medium A up to 1.5 ml in the measuring chamber. For measuring O 2 exchange on whole cells, algal cultures were harvested in exponential growth phase, centrifuged, washed, and resuspended in either minimal medium (13) or in buffer A. 1.5 ml of the suspension was placed in the measuring chamber. No difference in photosynthetic activity being induced by using one or the other medium, we used buffer A for whole cells experiments shown in this paper. Dissolved gases were directly introduced in the ion source of the mass spectrometer (model MM 14 -80, VG instruments, Cheshire, UK) through a Teflon membrane. For O 2 exchange measurements, the sample was sparged with N 2 to remove 16 18 O isotope content, Euriso-Top, Les Ulys, France) was then introduced to reach an O 2 concentration close to the equilibrium with air. Light was supplied by a fiber optic illuminator (Schott, Main, Germany) and neutral filters were used to vary light intensity. Unless specified, experiments shown here were performed at 300 mol of photons m Ϫ2 s Ϫ1 incident light. All gas exchange measurements were performed at 25°C. The chloroplast extracts were used as quickly as possible after extraction.
Amperometric Measurements-Cells were harvested during exponential growth by low speed centrifugation (500 ϫ g) and resuspended in a 50 mM Tris buffer (pH 7.2) containing 1 mM sodium acetate and 0.1 M KCl to provide a sufficient conductivity for the amperometric measurements. Flash-induced oxygen exchange measurements were performed using a bare platinum electrode system as described in Ref. 29 . The cells were allowed to settle on the electrode for about 30 min before measurements were made. Oxygen was flushed at the surface of the sample to maintain a sufficient oxygen concentration at the algal level. The electrode system was covered by a conic reflector in which an aperture for a xenon flash was adapted. A xenon flash (EG and G, Wellesley, MA, model FX 201, 2-s duration) was used to provide flash illumination. The oxygen signal was recorded on the screen of an oscilloscope (Tektronix, Wilsonville, OR).
RESULTS
When PSI-deficient algae are illuminated, simultaneous O 2 production by PSII (monitored as 16 O 2 release resulting from water photolysis) and stimulation of O 2 uptake are observed using 18 O-labeled O 2 and mass spectrometry (13, 30) . Because the light-dependent O 2 production and the light-stimulated O 2 uptake are of the same amplitude, illumination of PSI-deficient strains does not provoke any change in the apparent rate of O 2 uptake assayed without isotopic labeling (using a Clark-type electrode for instance). We found that the maximal light-dependent O 2 production by PSII measured in different PSIdeficient mutants was relatively constant when normalized to the number of cells (250 -350 nmol O 2 min Ϫ1 10 Ϫ9 cells) or to the amount of protein (8 -13 nmol O 2 min Ϫ1 mg Ϫ1 protein). As previously reported in nuclear mutants deficient in PSI (12), we found that 3-(3,4-dichlorophenyl)-1,1-dimethylurea, an in-hibitor blocking photosynthetic electron transfer between Q A (the primary quinone acceptor of PSII) and Q B (the secondary quinone acceptor), strongly inhibited the PSII-driven oxygen production. Also, the PSII-dependent electron flow was observed in the absence of the cyt b 6 f complex in a Chlamydomonas double transformant psaA⌬-petA⌬ lacking both PSI and cyt b 6 f.
As reported earlier (12), the PS II-dependent pathway was sensitive to the presence of inhibitors of mitochondrial respiration (Fig. 1 ). Simultaneous addition of myxothiazol (an inhibitor of the mitochondrial cyt bc 1 complex) and of SHAM (an inhibitor of the alternative oxidase) inhibited both dark respiration and the PSII-dependent electron flow, whereas myxothiazol or SHAM alone inhibited neither respiration nor photosynthetic oxygen evolution. The effect of the inhibitors on PSII activity could be the consequence of either the mitochondrial inhibition or a synergistic effect of myxothiazol and SHAM on chloroplast processes. To identify clearly the site of action of myxothiazol, we introduced a mitochondrial cyt b gene conferring resistance to myxothiazol (MUD2; Ref. 20 ) into a strain deficient in PSI (psaB⌬). In this strain, myxothiazol had no effect either on the PSII-driven electron flow or on respiration when added alone or in combination with SHAM (Fig. 1) . When myxothiazol was replaced by antimycin A, another inhibitor of the cyt bc 1 complex acting at a distinct site, the inhibition was again observed. The same results were obtained using a psaA⌬ MUD2 strain (not shown). This clearly shows that the effect of myxothiazol on the PSII-dependent flow is specifically related to the inhibition of mitochondrial respiration.
The sensitivity of the photosynthetic flow to inhibition of mitochondrial activity can be interpreted in two different ways. As initially proposed by Peltier and Thibault (12) , the lightstimulated O 2 uptake may be located in mitochondria, with reducing power produced at PSII being transported to mitochondria by means of metabolic shuttles. Another possibility would be that O 2 uptake occurs in the chloroplast but is indirectly affected by the metabolic changes resulting from mitochondrial inhibition. To distinguish between these two hypotheses, we investigated O 2 exchange using 18 O 2 and mass spectrometry in chloroplast fractions. Chloroplast isolation is rather difficult in Chlamydomonas because of the presence of a cell wall and the large size of the chloroplast, leading to chloroplast disruption when sufficient force is used to break the algal cell. For this reason, we constructed a Chlamydomonas strain deficient in both PSI and cell wall biosynthesis by crossing cw10 (a cell wall-less strain) with psaB⌬7 (PSI-deficient). In this strain, isolation of chloroplasts was possible using mild Yeda press disruption (21). O 2 exchange activity was measured in chloroplasts and in thylakoids following fractionation of disrupted cells on a Percoll gradient.
Both chloroplast and thylakoid fractions exhibited a significant light-driven O 2 production by PSII (measured from 16 O 2 release in the medium), which averaged (on a chlorophyll basis) around 60 and 50%, respectively, of that measured in whole cells (Fig. 2) . In both chloroplasts and thylakoids, like in intact cells, O 2 evolution by PSII was accompanied by a stimulation of O 2 consumption (Fig. 2 ). In all systems tested, light-induced O 2 production and stimulation of O 2 uptake were of the same amplitude. To check whether the activity of electron transport measured in chloroplast fractions (particularly O 2 uptake) was relying on contaminating mitochondria, we tested the sensitivity of the photosynthetic flow to mitochondrial inhibitors. We found that neither PSII-driven O 2 production (Fig. 3) nor lightdependent O 2 uptake (not shown) measured in isolated chloroplasts or thylakoids were significantly affected by the simultaneous addition of myxothiazol and SHAM, thus showing that electron transport was not relying on contaminating mitochondria.
In another set of experiments, we checked whether the photosynthetic activity of chloroplast fractions could also be characterized in mutants possessing a cell wall (Fig. 3) . We used the psaA⌬ petA⌬ strain and prepared thylakoids by French press disruption. Maximal electron transport activity in these thylakoids represented about 24% of that measured in intact cells. Noticeably, this activity was fully insensitive to myxothiazol and SHAM (Fig. 3 and Table I ). In parallel experiments, psaA⌬ petA⌬ cells were permeabilized using Yeda press disruption, which should better preserve chloroplast structures and keep ) and dark periods are indicated by vertical lines. E, PSII-driven oxygen evolution; U, gross oxygen uptake; N, net oxygen exchange (as it would be recorded using an oxygen electrode).
the mitochondria within the cell. In this system, about 80% of the light-dependent oxygen evolution activity was retained but was almost insensitive to myxothiazol and SHAM, suggesting that the loss of metabolites following cell permeabilization considerably decreased the influence of mitochondria upon chloroplast electron transport (Fig. 3) . We conclude from these experiments that the electron flow from PSII to O 2 observed in intact cells occurs within chloroplasts, thus suggesting the existence of a plastidial activity mediating plastoquinol oxidation.
To characterize further the chloroplast PQ oxidation activity, we used several compounds known as inhibitors of either the mitochondrial cyt c oxidase (cyanide, azide, and carbon monoxide), or the mitochondrial alternative oxidase (propyl gallate, SHAM). The effects of these inhibitors were studied on lightdriven O 2 production by PSII (measured from 16 O 2 release) and light-dependent O 2 uptake in thylakoid extracts from the psaA⌬ petA⌬ double mutant. KCN, a cytochrome oxidase inhibitor, which has also been described as inhibiting chlororespiration (3, 4, 31) had no effect up to concentrations reaching 5 mM (Table I) . NaN 3 (5 mM) and CO (3% v/v eq) had no significant effect upon PSII activity or O 2 uptake. PSII-driven oxygen exchange measured in thylakoids from PSI-deficient mutants was insensitive to 4 mM SHAM but was strongly inhibited by 1 mM propyl gallate (Table I ). Fig. 4 shows that propyl gallate also inhibited the PSII-dependent O 2 production in intact Chlamydomonas cells deficient in PSI. The stimulation by light of O 2 uptake was inhibited by propyl gallate in the same way, whereas noticeably, the oxygen uptake in the dark was not affected by this compound (not shown). The effect of propyl gallate was similar in the cell wall-less cw10 psaB⌬ strain to that observed in other PSI-deficient mutants, except that comparable inhibitions were found at lower concentrations. This is likely due to better penetration of propyl gallate into cells lacking a cell wall. However, in the same concentration range, this compound had no significant effect on the photosynthetic oxygen production measured in the cw10 strain (Fig. 4) , thus showing that linear electron flow involving both PSII and PSI is not affected by this compound. Because propyl gallate is also known as a potent scavenger of reactive oxygen species (32), we checked the effect of other reactive oxygen species scavengers such as superoxide dismutase (in association with catalase) and ␣-tocopherol. None of these agents had a significant effect on the PSII-driven O 2 evolution or oxygen uptake (Table I) .
Another way to assess the activity of an oxidase branched on the PQ pool is to follow flash-induced perturbations of oxygen exchange that have been related to the activity of chlororespiration (4, 33) . When dark-adapted Chlamydomonas cells are submitted to a single turnover saturating flash on a rapid oxygen electrode, a transitory elevation of the oxygen level is observed, which has been shown to result not from production of oxygen by PSII, but from a transient inhibition of the chlororespiratory electron flow mediated by PSI (4) . A transitory lowering of the oxygen signal in PSI-deficient mutants, interpreted as a transient stimulation of an O 2 uptake process, has also been reported (33) . We found that both the flash-induced stimulation of oxygen uptake observed in PSI-deficient mutants and the flash-induced inhibition of uptake in WT are inhibited by propyl gallate (Fig. 5) but are insensitive to SHAM ) and SHAM (0.8 mM) . PSII activity was measured by 16 O 2 production in a 18 O 2 -enriched medium using mass spectrometry. In the psaA⌬ petA⌬ strain (deficient in PSI and in the cyt b 6 f complex) measurements were performed on "intact cells," on "permeabilized cells" resulting from mild Yeda press disruption, and on "thylakoids" resulting from French press disruption. In the double mutant cw10 psaB⌬ deficient in PSI and cell wall-less, measurements were performed on intact cells and on chloroplast fractions resulting from Yeda press disruption and separation on a Percoll gradient. Two fractions were analyzed: a "chloroplast" fraction and a "thylakoid" fraction. Number of cells was determined visually on intact algae by counting in Malassez vessels; for the fractions, an "equivalent" number was estimated by comparing chlorophyll concentrations in the extracts and in the intact cells sample. Light intensity during measurements was 300 mol of photons m (not shown). We conclude from these experiments that the oxidase involved in the PSII electron flow to O 2 is also involved in chlororespiration.
The recent discovery in Arabidopsis thaliana of a gene encoding for a plastid protein (IM) showing a high homology with the mitochondrial alternative oxidase (15, 16) prompted us to ask if the IM product exhibited a measurable quinol oxidase activity and if a homologue of IM existed in Chlamydomonas thylakoids. We tested the potential oxidase activity of IM after expression in E. coli cells. After induction of the chimeric gene, the oxidase activity of membrane preparations was assayed. NADH addition initiates oxygen consumption in membranes from both control cells and from cells expressing IM. KCN addition (1 mM) inhibited almost completely oxygen consumption in control membranes. In contrast, a significant cyanideresistant oxygen consumption was consistently observed in membranes from the IM-expressing cells. 2 We tested the sensitivity of this cyanide-resistant oxidase activity to propyl gallate (Fig. 6 ) and found that it was sensitive with an I 50 around 0.1 mM in this system. The oxidase was at least 10 times less sensitive to SHAM (not shown). In agreement with other data (37), we found that propyl gallate did not interfere with the normal electron flow in E. coli membranes (not shown).
Proteins isolated from total and chloroplast Chlamydomonas membranes were probed with a purified polyclonal antibody raised against recombinant A. thaliana IM. In Chlamydomonas thylakoid membranes, the anti-IM antibody recognized a 43-kDa polypeptide, which was almost undetectable in total membranes (Fig. 6, inset) .
DISCUSSION

Involvement of a Quinol Oxidase in the Electron Transport Activity from PSII to O 2 Measured in the Absence of PSI-
Results shown in this paper demonstrate, in agreement with previous findings (12) (13) 30) , that significant electron transport activity occurs from PSII to O 2 in PSI-deficient Chlamydomonas mutants. From measurements performed on purified chloroplast fractions we show here that the PSII-driven electron flow to O 2 is due to an oxygen uptake process occurring within the chloroplast. Based on the effect of 3-(3,4-dichlorophenyl)-1,1-dimethylurea and on measurements performed in strains depleted of the cyt b 6 f complex, we conclude as in Ref.
12 that the electron flow between PSII and molecular O 2 involves the thylakoid PQ pool but not the cyt b 6 f complex.
The stoichiometry of the O 2 exchange (one molecular O 2 evolved for one molecular O 2 consumed) indicates that the final product of oxygen reduction is water: production of one molecular O 2 by PSII involves four electrons, whereas generation of O 2 . would use one electron and generation of H 2 O 2 would use two electrons for each molecule of O 2 consumed. Taken together, the lack of sensitivity of the oxygen uptake toward reactive oxygen species scavengers and the fact that water is the final product of O 2 reduction show that the O 2 uptake is not due to plastoquinol autoxidation or peroxidative activity but involves an enzymatic process behaving as an oxidase. The influence of various inhibitors has given us clues about the nature of the chloroplast oxidase involved in PQ oxidation. The plastid oxidase differs from the mitochondrial cyt c oxidase, because azide, CO, and cyanide (at concentrations lower than 5 mM) have no significant inhibitory effect. Different types of oxygen reducing/quinol oxidizing enzymes have been described in the literature. Genes encoding cyt b o -type and cyt b d -type quinol oxidases have been found in the cyanobacterium Synechocystis sp. PCC 6803 (34) . These oxidases are sensitive to cyanide at concentrations higher than what is required to inhibit cyt aa 3 -type cyt c oxidases (generally around 1 mM, Ref. 34) . Moreover, the quinol oxidase activity of Synechocystis is not sensitive to SHAM or azide (35) . To our knowledge, no report has been made of its sensitivity toward propyl gallate. In plant mitochondria, quinol oxidation can be accomplished either by the cyt bc 1 complex (cyanide-sensitive pathway) or directly to molecular O 2 through an alternative oxidase (cyanide-insensitive pathway). Mitochondrial alternative oxidases constitute another class of quinol oxidases, which have been reported to be inhibited by compounds such as SHAM or propyl gallate (36) . We found that propyl gallate, but not SHAM, inhibited the PSII-to-O 2 electron flow in C. reinhardtii mutants deficient in PSI. Interestingly, Berthold (37) reported the existence of different mutant forms of the A. thaliana mitochondrial alternative oxidase that are resistant to SHAM but remain sensitive to propyl gallate, thus showing that sensitivity to these two inhibitors is separable.
Recently, two laboratories reported the existence in A. thaliana of a nuclear gene encoding a chloroplast protein (IMMU-TANS-IM) associated with phytoene desaturation (15, 16) . Based on the homology of IM with mitochondrial alternative oxidases, it was proposed that this polypeptide fulfills a role of terminal oxidase (15, 16) . We have shown, using a functional assay following expression in E. coli, that IM is able to confer a significant electron transport activity with O 2 as a terminal acceptor in isolated membranes. As for the PSII-dependent electron transport activity measured in PSI-deficient mutants of Chlamydomonas, the activity supported by IM was resistant to cyanide but sensitive to propyl gallate. Interestingly, this activity was much less sensitive to SHAM. Moreover, an antibody raised and purified against the IM recombinant product recognized a 43-kDa polypeptide in Chlamydomonas thylakoid membranes, which is close to the 41 kDa reported for IM in A. thaliana. 2 We therefore propose that the 43-kDa polypeptide identified in Chlamydomonas thylakoids could be the plastid oxidase whose existence has been deduced from a physiological approach. The isolation of the corresponding Chlamydomonas gene as well as the characterization of the encoded product will further test this hypothesis.
Interaction between Photosynthetic Electron Transport and Mitochondrial Activity-Based on the effects of mitochondrial inhibitors and uncouplers on the PSII-driven electron flow, Peltier and Thibault (12) initially concluded that reduction of molecular O 2 was occurring within mitochondria. These authors proposed that NAD(P)H reduction was possible in the absence of PSI through the gradient-dependent reverse functioning of a complex I-like enzyme using plastoquinol as a substrate. According to this interpretation, reducing equivalents produced in the chloroplasts would be transferred to the mitochondria using metabolic shuttles and consumed by the mitochondrial electron transport chain. This explanation appears quite unlikely in light of the results presented here. Indeed, we have shown that the major part of the PSII-driven electron flow (i.e. both O 2 production and uptake) could be observed in chloroplast fractions, in the absence of interactions with mitochondria. Moreover, contrary to what was reported on whole Chlamydomonas cells, mitochondrial inhibitors such as myxothiazol, antimycin A, or SHAM did not inhibit the PSIIdriven electron flow to O 2 measured in chloroplast preparations, indicating that this electron flow does not rely on eventual contaminating mitochondria. Therefore, the effect of mitochondrial inhibitors on the PSII-driven photosynthetic flow would rather result from an inhibition of PSII by a competitive reduction of the PQ pool due to the accumulation of reducing power provoked by inhibition of mitochondrial respiration. In line with this interpretation, significant reduction of the PQ pool was reported in response to inhibition of mitochondrial activity (11) .
The possible existence of a respiratory electron transport chain within chloroplasts and its physiological implications have been a matter of debate in the past few years. The discovery of chloroplast genes showing homologies with genes encoding subunits of the mitochondrial complex I (ndh genes; Ref. 38) was taken as evidence for the existence of a NADH dehydrogenase complex I in chloroplasts. Several studies have been conducted since then, showing that in higher plants the complex is assembled, functional, and involved in the nonphotochemical reduction of the PQ pool (10, 39 -41) . However, although chlororespiration and cyclic electron flow around PSI have been extensively studied in Chlamydomonas (3, 4, 7) , sequencing of the chloroplast genomes of different Chlamydomonas species has revealed the absence of ndh genes (42) . Therefore, a different mechanism would be involved in the nonphotochemical reduction of the PQ pool in Chlamydomonas. In this respect, the existence of a NAD(P)H-PQ oxidoreductase distinct from complex I has been reported in chloroplasts of higher plants (9); also, the existence of a succinate dehydrogenase activity that may be involved in PQ reduction has been reported in algal chloroplasts (43) . Whatever its nature, the PQ-reducing enzyme is likely to be involved in the mitochondrial-chloroplast interaction observed in intact cells in our experiments.
Electrogenicity of Chlororespiration-The existence of a quinol oxidase activity together with the existence of activities involved in the nonphotochemical reduction of the plastoquinone pool argues in favor of the existence in Chlamydomonas of a chlororespiratory chain driving electrons from stromal donors to O 2 through the PQ pool. We have shown here that the plastid oxidase involved in the electron flow from PSII to O 2 is probably the same enzyme as the chlororespiratory oxidase revealed by measurements of flash-induced oxygen exchange in algae (4, 5, 33, 45) . This is in apparent contradiction with conclusions of Bennoun (6) who proposed that previous effects of inhibitors on fluorescence transients could be explained by the existence of metabolic interactions between mitochondria and chloroplasts, therefore questioning both the existence of a chloroplast terminal oxidase and of chlororespiration. According to this author, the electrochemical gradient measured in the dark would not be due to chlororespiration, but rather to an ATP-dependent proton pump different from the CF1F0 ATPase (6, 44) . These apparent contradictions can be alleviated if we consider that, according to its probable composition, the chlororespiratory electron transport chain is likely nonelectrogenic. Indeed, alternative quinol oxidases are nonelectrogenic, and activities likely involved in the nonphotochemical reduction of the PQ pool that would be different from complex I would be non-or poorly electrogenic. We therefore propose that chlororespiratory electron transport is non-or poorly electrogenic and, in agreement with Bennoun (6) , that the electrochemical gradient in the dark is likely due to another mechanism.
Possible Physiological Functions of Chlororespiration-According to the probable poor electrogenicity of the mechanism, the physiological function of chlororespiration would not be essentially related to ATP generation and would rather appear as a wasteful process. In the dark, electron flow from a stromal donor to the PQ pool and then to molecular O 2 may help in conditions where the cellular redox balance is affected in response to an impairment of mitochondrial activity. During illumination, the PQ pool is likely reduced, thereby preventing donation of electrons from the stroma to the PQ pool. Because inhibition of the PQ oxidase by propyl gallate had no significant effect on linear electron transfer activity measured in WT cells, we conclude that electron flow from plastoquinol to O 2 is only marginal in the light under normal conditions. However, one can imagine that in conditions where the PQ pool is highly reduced (during induction of photosynthesis or in conditions where PSI is inactivated), this electron flow may prevent overreduction of PQ. Such conditions could occur for instance during simultaneous exposure to cold and high illumination (46) . Besides these possible regulatory or protective effects on photosynthetic electron flow, chlororespiration and more particularly the quinol oxidase might be involved in the synthesis of chloroplast compounds requiring redox mechanisms that utilize quinones, as demonstrated in the case of Arabidopsis for carotenoid synthesis (15, 47) .
